Introduction
The accuracy of numerical solutions in Computational Fluid Dynamics (CFD) is greatly affected by the grid used in the calculation because the discretization error is directly linked to grid sizes in the physical domain.
This fact combined with the expanded scale of CFD calculations has produced a need to optimise the use of grid points. Consequently, it is now common practice to use stretched grid, which clusters grid points in regions where gradients (and hence error) are anticipated *Research Engineer, Member AIAA. tAerospace Engineer, CFD Code Assessment Branch, Member AIAA.
to be large. However, in many of the complex problems routinely dealt with by today's CFD researchers, there are often not enough a priori knowledge about the flowfield for one to generate an appropriately stretched grid. In fact, one often finds that a pre-generated grid has clustering in regions that are rather unimportant.
For this reason, methods for adapting grids to local flow'field gradients are becoming increasingly popular for improving the accuracy and efficiency of CFD solutions.
In the past decade, many adaptive grid schemes have been developed [I] .
These schemes can be divided into two categories. In the first category, partial differential equations (PD. E) are solved to generate the grid [2] , and in the second category, algebraic relations between the grid sizes and the flow derivatives are solved [3, 4] . The advantage of the PDE schemes is that there can be automatic control over the orthogonality and smoothness of the grid, while the advantages of the algebraic schemes are that they are more robust, they are not restricted by boundary point distributions, and they are compurationally less time consuming. For these reasons, the algebraic schemes are excellent candidates for unsteady and large three-dimensional flow problems. The use of adaptive grid is especially effective for three-dimensional flow problems for it can drastically reduce the memory and cpu time required for solving a given problem. However, there have been few applications of adaptive grid to three-dimensional flow problems in the past because of the complexity of the methods.
In the present paper, a simple algebraic grid adaptation scheme based on the concept of arc equidistribution is described. The concept of arc equidistribution was first introduced by Dwyer, et al.[3] , and had been applied to two-dimensional flow calculations by Gnoffo[5] and later to three-dimensional flow calculations by Nal_da_shi and Deiwert{4]. The present adaptive grid scheme extends the capability of this basic concept through the addition of a stretching control mechanism and a smoothing pro- 
where S is the arc length on an q = const line. Anderson [2] derived a system of partial differential equations
for the x, y coordinates based on equation (2) . In the present work. eq. (2) is used directiv to derive the necessary algebraic relations for grid adaptation.
Since it is customary to use _k_ = 1 in the computational domain, equation (2) can be cast into the following discretized form:
where aS, = i(x_._ -x,):
and ,,,, = 1 -31_:, 
with AS_ being the arc length of the old grid spacing, the scheme will have "memory,"
i.e., it will have the ability to retain the old spacing in the absence of strong gradients c_. 
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S.°< S, < S_+ I (11) where n is the index of the old arc lengths, then we require z_+, and W+I to satisfy where
With these formulations,the new coordinates can now be solved from eqs. (4) and (12). Ifwe always keep the last grid point on the boundary, then no iteration is needed in the calculation.
For a simple mesh, that isfor a grid mesh wherein allthe grid linesdo not deviate significantly from the xand y-directions, one can replace AS_ in equation (3) by Az_ or Ay,, then z, and yi can be obtained directlyfrom
and there is no need to solve equations (4) and (12) 
This smoothing process can be applied to the adapted grid as many times as one chooses to achieve the desired smoothness. Figure  2 . Figure  4 (a) shows that by using the new scheme the desired fine grid for the boundary layer is retained, while a finer grid for shock capturing is also provided.
The grid lines in Figure  4a exhibit some kinks and the changes in grid spacing are abrupt. Both characteristics were eliminated by application of the elliptic smoother as shown in Figure  4 (b). In this specific case.
the grid had been run through the smoother five times.
The final adaptive solution is given in Figure  5 as the flowfield Mach contours. The Mach contours show that the diffused shock in the initial solution ( Figure  1) is now replaced by a sharp shock in the adaptive solution.
Hypersonic Nozzle Flow
The next apphcation we present is a two- The boundary resolution problem is successfully resolved in the present study by assigning Ci in equation (3) a function of y. An adapted grid that preserves a prescribed stretching is shown in Figure  8 . In this grid, a reasonably fine grid spacing is maintained at the boundary, ensuring better resolution at the solid wall.
A comparison between the pressure distributions on the upper wail of the nozzle before and after the use of the adapted grid is given in Figure  9 . 
Three-dimensional
Jet-in-crossfiow
The is obviously impractical to routinely obtain solutions on gridsof thissizewhen using a fullNavier-Stokes code such as PARC3D. Consequently, the adaptive grid scheme was applied to the jet-in-crossflow problem with a moderate grid density of 50 x 40 × 30 to illustrate itseffecton the distributionof grid points and on the jet trajectory.
The conditions selected for this study were a jet injected at 90 degrees to the crossflow with a velocity ratio between the jet and crossflow, [_/U_., of 4.0. A schematic representation of this case isshown in Figure   I0 . To minimize the computational effort, only one-half of the flowfieldwas solved by assuming symmetry along the X-Y plane. In addition, a slip-wallcondition was imposed along the boundary containing the jet orifice.
Solutions were obtained with the PARC3D code using two different grids of the same overall density, 50 x 40 x 30 (X x Y x Z). Figure   12 (a) and (b), respectively. The axes of both grids are centered at the jet orifice. Figure  12 (b) is from the case \ described above in which no stretching was prescribed.
As a result, the grid spacing becomes uniform away from the jet. For the case shown in Figure  12 ( 
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